A rifampicin-resistant Achromobacter mutant with an altered RNA polymerase was isolated. The mutant supports phage ~3a growth in both log and stationary phase cells. Phage growth on stationary phase cells is sensitive to aeration and growth only occurs at oxygen concentrations of less than 5.2 p.p.m. The rifampicinresistant mutant is similar to the spontaneous mutant strain I4 reported by Woods (I976) in that both mutants support stationary-phase phage growth under microaerophilic conditions. The isolation of the rifampicin-resistant mutant with an altered RNA polymerase suggests that the phenomenon of stationary phase phage growth could be due to a change in the template specificity of the Achromobacter RNA polymerase. Plaque morphology mutants which grow on log and/or stationary phase cells of the Achromobacter wild type, strain I4 and rifampicinresistant strains are also described.
INTRODUCTION
A new phage-host system was described by Woods 0976) in which phage c~3a grows on stationary phase Achromobacter mutant strains. The mutant strains arose spontaneously and were discovered during an investigation of the phage characteristics of transductant colonies. Phage ~3a growth on the mutant cells is sensitive to aeration and growth only occurred under micro-aerophilic conditions. The detection of RNA synthesis in microaerophilic stationary phase cultures but not in aerated cultures suggests that under microaerophilic conditions the bacteria, although in stationary phase and in old medium, are able to re-initiate RNA synthesis. Losick & Sonenshein 0969) showed that during sporulation of Bacillus subtilis there is a change in template specificity of the RNA polymerase. This change in template specificity accounted for the growth of the B. subtilis phage ~5e on vegetative cells but not on sporulating cells. Sonenshein & Losick (~97 o) isolated rifampicin-resistant mutants of B. subtilis which had lost the ability to sporulate and contained a rifampicin-resistant RNA polymerase. This mutation prevents the change in template specificity of RNA polymerase characteristic of sporulating wild-type (w.t.) cells. Linn, Losick & Sonenshein (r975) demonstrated that the rifampicin-resistant mutation of LS 3, an asporogenous mutant of B. subtilis 36Io, resulted in an altered electrophoretic mobility of the fl subunit of the RNA polymerase. The ability of the mutant Achromobacter cells to support ~3a phage growth in stationary phase but not in vegetative phase could be due to a similar change in template specificity of RNA polymerase. To test this hypothesis and the possible origin of the mutation, we have isolated rifampicin-resistant Achromobacter mutants and investigated their ability to support phage growth in vegetative and stationary phase cells. Plaque morphology and growth phase phage mutants were also isolated.
METHODS
Media. Nutrient broth (Difco) supplemented with o'4 M-NaC1 was used. For phage growth in liquid media and for double-agar-layer assays, the tryptone media of Thomson & Woods (1973) were used. Incubation was at 30 °C.
Bacteria and bacteriophages. Wild-type Achromobaeter sp. 2 (Thomson, Woods & Welton, 1972) and the mutant Aehromobacter strain 14 (Woods, 1976) which supported phage ~3 (Thomson & Woods, 1974) growth in stationary phase were used. Rifampicin-resistant mutants of Achromobacter sp. 2 were isolated by streaking on gradient plates containing rifampicin. The rifampicin-resistant mutants were cloned and maintained on tryptone agar containing 5o/zg/ml rifampicin. One mutant, r/f-x, was chosen which had a normal growth rate in liquid tryptone medium with or without 2"5 #g/ml rifampicin after growing in rifampicin free medium. Plaque morphology and growth phase mutants of phage ~3a which were able to grow on vegetative and/or stationary phase cells of the Achromobaeter strains were also selected and isolated.
Phage growth experiments. For phage growth on stationary phase cells in liquid medium, Achromobaeter w.t. and mutant strains were grown in tryptone broth with aeration by shaking for 2 days (approx. 2 × IO 9 cells/ml) prior to the addition of phage (IO z to IO ~ p.f.u./ ml) at multiplicities of infection (m.o.i.) between Io -5 and lO -8. The cultures were reincubated aerobically without shaking and were sampled at different time intervals, centri~fuged and the supernatant fluids assayed for p.f.u, on the w.t. strain. Log phase cultures (5 × lO8 cells/ml)were inoculated with phage (lO 3 p.f.u./ml) and were incubated for 4 h centrifuging and assaying the supernatant fluids for p.f.u.
Nucleic acid synthesis. RNA synthesis was determined by incorporation of 3H-uracil (2/zg/ml, o'4/zCi/ml) into trichloroacetic acid (TCA)-precipitable material by the method of Eichenlaub & Winkler (1974) . Rifampicin was added to log phase cells to give a final before concentration of 25 #g/ml.
RNA polymerase assay. Log phase cultures of the w.t. and r/f-1 strains were harvested by centrifuging, resuspended and washed in buffer containing o'o5 M-tris-HCl, o.1 mM-EDTA, o-1 mM-dithiothreitol and lO% (v/v) glycerol (Clark, Losick & Pero, t974) . The cells were disintegrated by sonication at 4 °C in the buffer containing o'5 mM-phenylmethylsulphonyl fluoride and centrifuged at 14ooog for I5 min. The supernatant fluid (crude extract) was assayed for RNA polymerase activity. The assay mixture (25o/zl) containing 4o'o mi-tris-HC1 (pH 7"9), 4"o mM-MgC12, I.o mM-MnC12, o.15 M-KC1, I 2"o mMmercaptoethanol, o'4mM-ATP, CTP, GTP, o.4mM-3H-UTP (o.4#Ci/ml), 25o#g/ml Salmon Sperm DNA (Sigma) as template, 5o #1 of the crude extract and o, 2"5, 2o and 4o#g/ml rifampicin. The mixtures were incubated for IO min at 3o °C before adding o'15 ml cold lO % (w/v) TCA. After standing at 4 °C for 3o min the samples were filtered and washed with 2 × 5 ml 5 % (w/v) TCA and 5 ml 1% (v/v) acetic acid on Whatman GF-C filters. The filters were dried and counted in a Beckman LS 315oT scintillation counter. Enzyme units were determined as nmol/min/mg protein. Protein was determined by the method of Lowry et al. (I951) .
Determination of the dissolved 03 concentration. The concentration of O3 which inhibited phage c~3a growth in stationary phase Achromobaeter strain 14 cells was investigated by 
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shaking different volumes of stationary phase cultures in flasks and assaying for phage production. The dissolved O~ concentration was determined with a Beckman Fieldlab oxygen analyser.
RESULTS
Phage growth on Achromobacter rifampicin-resistant mutant RNA synthesis of the Achromobacter sp. z was inhibited by the addition of 2 5/zg/ml rifampicin whereas RNA synthesis of the Achromobacter rif-I mutant was not affected (Fig. I ). The growth rates of the w.t. and mutant strains were similar inthe-absence ofrifampicin. The mutant had the same growth rate in the presence or absence of rifampicin.
Stationary phase w.t., strain I4 and r/f-I mutant cultures were inoculated with phage ~3a and re-incubated aerobically with and without shaking. Addition of ~3a to the w.t. strain, after z days' incubation, resulted in no increase in phage with or without shaking (Fig. 2) . Addition of ~3a to strain ~4 and r/f-I in static cultures resulted in a 6 x io4-fold and 8 x m2-fold increase in phage yield respectively, after a further 2 days' incubation. Growth ofa3a on the r/f-x strain in stationary phase was markedly slower than on strain I4~ Aeration by shaking stationary phase cultures of strain I4 and r/f-I inhibited a3a growth.
Growth of a3a on log phase cultures of Achromobacter rif-I in liquid medium aerated by shaking was investigated and a Ion-fold increase in phage p.f.u, was observed after 5 h incubation (Table I) . A 5 x ion-fold increase in p.f.u, was observed when a3a was added to log phase w.t. cultures. Phage a3a was not able to grow on log phase cultures of Achromobacter strain I4. 
+ -+ * Log phase shaking cultures were infected with phage and re-incubated aerobically with shaking for 4 h. ? Stationary phase (z-day-old) shaking cultures were infected with phage and re-incubated aerobically with and without shaking for 2 days.
Phage growth, IO 3-to Io4-fold increase in p.f.u. § No phage growth, Ion-fold increase in p.f.u.
RNA polymerase activity
The specific activities of crude extracts of RNA polymerase from Achromobacter w.t. and r/f-I strains were investigated in order to show that the rifampicin-resistant mutation was due to an alteration in the RNA polymerase. The results indicate that RNA polymerase from the rif-I mutant strain was resistant to 4o/~g/ml rifampicin whereas the w.t. RNA polymerase was inhibited by rifampicin ( 
Plaque morphology mutants
The phage ~3 a formed circular and turbid plaques (Thomson & Woods, I974 ) on the w.t. Achromobacter sp. z and clear plaques with an irregular outline (e.o.p. Io -1 to Io -2) on already confluent bacterial lawns of the mutant Achromobacter strain I4 (Woods, i976 and Table 3 ). Phage ~3a plated with an e.o.p. I on the r/f-I strain. Approx. 5o ~ of the plaques were visible after overnight incubation and appeared with the development of the background lawn. These plaques were initially small, clear and irregular but after a further day's incubation developed into circular halo-type plaques (Table 3 )-The remaining 5o % of the plaques appeared and developed after 36 to 48 h incubation. The plaque morphology of these stationary phase plaques was similar to the circular and turbid plaques which developed during vegetative growth.
A spontaneous circular and halo-type ~3a plaque mutant, ~3aH, was isolated on the w.t. strain. The mutant c~3aH formed irregular clear plaques on confluent bacterial lawns of strain I4 and halo.type plaques on stationary phase lawns of the r/f-I strain (Table 3) .
By repeatedly growing phage c~3aH on strain I4 and selecting the plaques which first appeared in stationary phase lawns, a mutant phage a3aH' was isolated which grew on log and stationary phase cultures of strain 14. The phage a3aH' formed circular halo-type plaques on the w.t., I4 and rtf-i strains (Table 3) . Both the phages ~3aH and ~3aH ' grew on log and stationary phase cultures of the rtf-I mutant.
Another difference between ~3a and the mutant phages a3aH and a3aH ' was in their stability. Thomson & Woods (I974) reported that high titre lysates of 0c3a were unstable when stored at 4 °C in the presence of chloroform and showed a loss of infectivity of two logs after one week. The mutant phages ~3aH and a3aH' were markedly more stable and showed a loss of infectivity of two logs after 3 months.
Phage growth on log and stationary phase cells in liquid medium
The phages a3a, a3aH and a3aH' were only able to grow on the Achromobaeter w.t. strain when log phase shaking cultures were used (Table I ). All 3 phages grew on stationary phase static cultures of the ~4 and r(f-I mutant strains resulting in a To 3 to ~o4-fold increase in p.f.u, after 48 h. Aerating stationary phase cultures of the bacteria inhibited phage growth.
The rif-I mutant supported the growth of the 3 phages in log phase. The mutant phage a3aH' was able to grow on log and stationary phase cultures of strain 14.
Dissolved concentration of 02
The growth of phage ~3a on stationary phase Achromobacter strain I4 cells was totally inhibited by O3 concentrations of more than 5.2 p.p.m.
DISCUSSION
The rifampicin-resistant Achromobacter mutant rlf-I, which was shown to have an altered RNA polymerase, permitted phage ~3a to grow on stationary phase static cultures. In this regard the r/f-I mutant is similar to the spontaneous mutant strain 14 isolated by Woods (I976) which also supports phage growth in stationary phase ceils. The two mutants are not completely identical in that strain I4 is rifampicin-sensitive and the phages a3a, a3aH and ~3aH' are able to grow on log phase shaking cultures of the r/f-I strain as well as stationary phase static cultures. Only the phage ~3aH' is able to grow on log and stationary phase cultures of Achromobaeter strain I4. Although the two bacterial mutants are not identical, the isolation of a rifampicin-resistant mutant with an altered RNA polymerase which supports stationary phase phage growth suggests that this phenomenon could be due to a change in the template specificity of the Achromobacter RNA polymerase. Woods (I976) showed that static stationary phase cultures are able to re-initiate RNA synthesis. Assuming that a change in the template specificity of the RNA polymerase takes place, then phages cc3a, a3aH and ~3aH' are transcribed by the RNA polymerase from log phase cultures of the w.t. strain but not by the static stationary phase polymerase. The reverse occurs in strain I4 where the phages c~3a and ~3aH are only transcribed by the stationary phase polymerase. The rifampicin-resistant strain is an intermediate mutant in which both the log and stationary phase polymerases transcribe phage DNA. To test this hypothesis of a change in the RNA polymerase specificity the phage template specificity of RNA polymerase purified from log and stationary phase w.t. and mutant cells is being investigated.
A phage yield of between io 2 and io 4 p.f.u./ml is obtained on the addition of Io a p.f.u./ml to stationary phase cultures (approx. 2 × ~o" cells/ml). The phage a3a has a burst size of 23o on log phase Achromobacter w.t. cells (Thomson & Woods, 1974 ). It appears that phage growth on stationary phase cells is due to an unknown number of successive growth steps rather than a single growth step. Details (e.g. latent period, burst size) regarding the growth of phage ~3a on stationary phase cells are not known, but are being investigated. Conventional single step growth experiments have proved to be unsuitable as the microenvironment (e.g. micro-aerophilic conditions) is very critical for stationary phase growth and diluting the cultures inhibits phage growth. The phage mutant a3aH' is interesting as it is able to grow on log and stationary phase Achromobacter strain I4 cultures. It was obtained by selecting for plaques which first appeared on confluent lawns of strain r 4.
Phage ~3aH' has the same plaque morphology (halo-type) as strain 14 and rtf-i whereas phages ~3a and a3aH produce clear irregular plaques on strain 14 and halo-type plaques on the r/f-I strain. Phages -3a and a3aH grow on log and stationary phase cells of the r/f-I strain but only on stationary phase cells of strain I4. These differences in growth on strain 14 by phage a3aH' and phages a3a, a3aH suggest that the phages themselves could have a role in the recognition of the log and stationary phase polymerase. Alternatively, as all the 3 phages grow on log and stationary phase cells of the rtf-I mutant, an inhibitor in strain 14 may block ~3a and ~3aH log phase growth in strain 14 and affect the stationary phase plaque morphology of these phages. The phage ~3aH' would not be affected by such an inhibitor and has the same plaque morphology on strain 14 and the nf-I strain.
This system may provide a means of studying changes in template specificity in a bacterial cell during the onset of stationary phase, which may be regarded as a form of differentiation. D.R.W. acknowledges a research grant from the South African Council for Scientific and Industrial Research.
